Introduction
============

The protein kinase, AKT1, is an integral node in multiple signaling cascades related to cell growth, differentiation and plasticity. AKT1 has been implicated in several key neurodevelopmental pathways affecting neuronal morphology and development,^[@bib1]^ and may interface with the effects of dopamine (DA) and neurotrophic factors in its influence on hippocampal structure and function.^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ AKT1 genetic variation has been associated with schizophrenia,^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ and with fronto-striatal mediated cognitive task performance and associated prefrontal structure and function.^[@bib11],\ [@bib12]^ Aberrant development and plasticity of the medial temporal lobe (MTL) is also critically implicated in schizophrenia and may involve genes controlling these processes,^[@bib13],\ [@bib14]^ but the mechanistic role of AKT1 genetic variation on MTL biology in healthy and disease states is unknown.

Here, we engaged an hypothesis driven and deductive research strategy based on functional genetic variants as proxies for experimental perturbations in specific genes, which are then explored in human biology using structural and functional neuroimaging,^[@bib15]^ as well as in conjunction with clinical pharmacological treatments that affect AKT1. We examined the MTL effects of the AKT1 rs1130233 synonymous coding variant, which has been previously linked to differential AKT1 protein expression levels,^[@bib11],\ [@bib12],\ [@bib16],\ [@bib17]^ and also impacts frontal brain structure and function.^[@bib11],\ [@bib12],\ [@bib18]^ We further examined how AKT1 variation may transduce overlapping pathways of DA signaling^[@bib19]^ and neurotrophin-mediated developmental plasticity^[@bib1],\ [@bib20]^ through interactions with candidate genes implicated in these processes. Specifically, AKT1 signaling is important in the actions of BDNF in neuroplasticity and long-term potentiation in hippocampal neurons.^[@bib21],\ [@bib22]^ BDNF also has been thought to have a key role in the brain developmental problems associated with schizophrenia.^[@bib23],\ [@bib24]^ AKT1 has been shown to mediate DA signaling via a non-cyclic AMP linked pathway,^[@bib19]^ and DA signaling is important for hippocampal learning and memory^[@bib25]^ and prominently implicated in the pathogenesis of schizophrenia.^[@bib26]^ Thus, we examined whether AKT1 effects were further dependent on genetic variation in BDNF (that is, Val66Met) and in COMT (that is, Val158Met)---functional variants implicated, respectively, in dendritic BDNF trafficking^[@bib27],\ [@bib28]^ and cortical DA bioavailability.^[@bib29],\ [@bib30],\ [@bib31]^

Finally, in an effort to further translate these putative AKT1 brain mechanisms in humans into clinically relevant phenomena in patients with schizophrenia, we examined if higher order AKT1, BDNF and COMT genetic interactions contributed to overall genetic risk for schizophrenia, and if clinically relevant activators of the AKT1 pathway---that is, lithium or valproate^[@bib32],\ [@bib33]^---modulated illness-related cognitive function and associated brain structure in pharmacogenetic interactions. Our data support the importance of these genetic interactions at multiple levels of clinical neurobiology related to human MTL biology, psychosis and its treatment.

Subjects and Methods
====================

Subjects, cognitive testing and genotyping
------------------------------------------

Research subjects were healthy controls and patients with schizophrenia ascertained as part of the Clinical Brain Disorders Branch Sibling Study.^[@bib30]^ Distinct subsets of these individuals were included in the functional imaging, structural imaging and pharmacogenetics sections of this study. None of these subjects have previously been studied with respect to the genetics of MTL biology reported here. In the genetics analyses, we included only subjects of European ancestry. DNA was extracted from whole blood using standard procedures. All genotypes were determined using the 5′-exonuclease Taqman assay. Further details of clinical ascertainment, exclusion criteria, genotyping and cognitive testing are in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}. The study was approved by the NIMH Institutional Review Board.

Functional imaging of memory function
-------------------------------------

To examine memory-dependent MTL function, functional magnetic resonance imaging (MRI) data were acquired from a group of 96 healthy individuals as they performed a memory encoding and retrieval task that was previously shown to robustly engage MTL function.^[@bib34]^ For each of the encoding and retrieval sessions, eight blocks of scenes selected from the International Affective Picture System were presented. Subjects were scanned in a 3-T MRI scanner. Imaging data and their genetic relationships were analyzed using SPM2 software (Wellcome Department of Cognitive Neurology, London; <http://www.fil.ion.ucl.ac.uk/spm>). Further details of the imaging task and analyses are in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Structural imaging
------------------

To examine MTL brain structure, MRI images from 171 healthy subjects, distinct from those in the functional imaging study, were acquired in a 1.5-T scanner. These images were processed and analyzed using optimized voxel-based morphometry with customized templates as previously described^[@bib35]^ and detailed in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Genetic association with schizophrenia
--------------------------------------

We examined *AKT1* rs1130233, BDNF Val66Met and COMT Val158Met genetic association for schizophrenia using a case--control data set from the Clinical Brain Disorders Branch comprising 282 unrelated patients with schizophrenia and 329 healthy controls who were successfully genotyped. A previous analysis of this data showed nominal AKT1 association with schizophrenia.^[@bib11]^ In the present re-analysis in which we studied epistasis of these three variants, we assumed a dominance model, as in the imaging data, to avoid sparse cell sizes. The main and interaction effects of the genotypes were analyzed using a full logistic regression model, controlling for gender. Nominal significance was set at *P*\<0.05 based on hypotheses about these functional genetic variants, and evidence from the imaging data. A similar analysis was then carried out for an independent replication in the GAIN (Genetic association Information network) cohort from the US (936 cases and 1190 controls; public release <http://dbgap.ncbi.nlm.nih.gov/>). Note though that the AKT1 single nucleotide polymorphism (SNP) typed here was rs2494731, which is in the same haplotype block as rs1130233 (*r*^2^\>0.8) in our samples according to the Centre d\'Etude du Polymorphisme Humain (CEPH) data in Hapmap (<http://hapmap.ncbi.nlm.nih.gov/>). Permutation tests were conducted over 1 000 000 random label changes within these two data sets to identify the combined empirical rate at which a set of 3-way interaction effects with the same relative risk relationships occurred at these statistical thresholds.

Pharmacogenetic effects on cognition and brain structure
--------------------------------------------------------

In examining AKT1 effects on cognition and brain structure, we studied 186 patients who met a DSM-IV diagnosis of schizophrenia. These patients had complete pharmacological data available, were clinically stable for at least 3 months, and had cognitive data from the CBDB/NIMH patient sample above. A subset of 138 patients with structural MRI data was studied in the imaging component. These cognitive and imaging pharmacogenetic analyses have not previously been performed for these data. Illness-associated cognitive change was estimated from the difference between premorbid IQ (from the Wide-Range Achievement Test reading score) and present IQ (from the Wechsler Adult Intelligence Scale).^[@bib36]^ Decreases in various aspects of cognition associated with illness are a well-documented characteristic of patients with schizophrenia,^[@bib36]^ are a reasonable proxy of general cognitive concomitants of illness and predict treatment outcome and disability.^[@bib37]^ Further, we studied the pharmacogenetic effects of AKT1 on a general cognitive measure given predictions from this study, and previously, that AKT1 affects cognitive domains constituting general intellectual function. In particular, AKT1 effects occurred at episodic memory in this study, as well as in prior studies of working memory, executive function and processing speed,^[@bib11]^ attentional control^[@bib12]^ and verbal learning.^[@bib18]^ Thus, to encompass these diverse cognitive associations and to minimize repeated testing, we chose the integrative cognitive measure represented by IQ as the most parsimonious proxy of these variable cognitive effects. Differences across patients with or without mood stabilizer (lithium or sodium valproate) were explored using *t*-tests. Relationships between cognitive change and potential confounders of gender, antipsychotic dose, duration of illness, and positive and negative symptom score (PANSS) symptom severity were explored with *χ*^2^ tests or Pearson\'s correlations. A full two-way analysis of variance was then utilized to examine the hypothesized AKT1 pharmacogenetic interaction with mood stabilizer use on cognitive change. Nominal significance was set at *P*\<0.05. The hypothesized pharmacogenetic interaction was Bonferroni corrected for the 12 tests performed.

In further examining the pharmacogenetic effects on brain structure, we examined a subset of 138 schizophrenia patients with available MRI data. The MRI data were acquired, processed and analyzed similarly as described above, and in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Results
=======

AKT1 influences memory-dependent hippocampal activity
-----------------------------------------------------

Healthy human subjects (*n*=96) engaged in our episodic memory task during functional MRI. Across genotypes of AKT1 rs1130233 (48 major allele G/G and 48 A carriers), BDNF Val66Met (61 major allele Val/Val and 32 Met carriers) and COMT Val158Met (25 Val/Val and 68 Met carriers), there were no differences in gender, age, education, IQ, and importantly, behavioral performance indices (accuracy or reaction time) (*P*\>0.22; [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}). Since the genotype groups did not differ in task performance, differences in the functional MRI measures of brain activity reflect changes in neural information processing, and not task performance *per se*.

We examined the effect of AKT1 rs1130233 during implicit encoding of complex visual scenes. We found a main effect of this variant on hippocampal activity (*P*\<0.05 corrected for false discovery rate;^[@bib38]^ [Figure 1a](#fig1){ref-type="fig"}), where individuals carrying the A-allele associated with reduced AKT1 expression^[@bib11],\ [@bib12],\ [@bib16],\ [@bib17]^ had relatively increased activation, reflecting inefficient neural processing without performance advantage.

In further assessing the functional significance of this AKT1 effect on hippocampal physiology, we examined the hypothesized role that activity-regulated BDNF secretion might play in concert with AKT1,^[@bib21],\ [@bib22]^ by testing for interactions with BDNF indexed by its Val66Met functional variant.^[@bib27],\ [@bib28]^ We found that orthogonal parameter estimates extracted from the hippocampal brain region showing the peak AKT1 main task effect also evidenced a significant AKT1-by-BDNF interaction (*P*\<0.05; [Figure 1b](#fig1){ref-type="fig"}). In the context of the BDNF-Met allele carriers associated with relatively reduced BDNF trafficking to dendrites and reduced regulated secretion,^[@bib27],\ [@bib28]^ there was an accentuated effect of the deleterious AKT1 A-allele. Next, given the important modulatory role DA plays in hippocampal memory function and synaptic plasticity in basic^[@bib25],\ [@bib26],\ [@bib39],\ [@bib40]^ and human models,^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ we further conditioned the AKT1--BDNF interaction on COMT Val/Met at this same hippocampal location to examine the modifying effect of differential DA availability predicted by this functional variant in COMT.^[@bib29],\ [@bib30],\ [@bib31]^ This resulted in an AKT1-by-BDNF-by-COMT interaction (*P*\<0.05; [Figure 1c](#fig1){ref-type="fig"}). Here, the AKT1 rs1130233 A-allele carriers again had relatively increased hippocampal activity; this activity was again accentuated by the BDNF-Met allele, but also by the COMT-Val homozygotes indexing increased COMT enzyme activity and relatively reduced synaptic DA. Permutation tests within this sample to identify the occurrences of sets of similar main, 2-way and 3-way interaction effects at these thresholds anywhere within bilateral MTL regions-of-interest confirmed that the conservative rate of false positivity was *P*\<0.001. These results are consistent with and in the specific direction predicted by the biological effects of these genes on hippocampal-mediated plasticity related to memory encoding.

AKT1 influences MTL gray-matter volume
--------------------------------------

The hypothesis that AKT1 rs1130233 genotype would also impact on measures of MTL gray-matter volume was examined using optimized voxel-based morphometry in an independent sample of 171 healthy subjects (103 *AKT1* rs1130233 G/G individuals and 68 A carriers; 111 BDNF Val/Val and 54 Met carriers; 126 *COMT*-Met carriers and 45 Val/Val; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Here, as predicted, the *AKT1* rs1130233 A-allele was associated with loci of relatively reduced gray-matter volumes in bilateral MTL regions ([Figure 2a](#fig2){ref-type="fig"}; *P*\<0.001 uncorrected).

Then, we studied if BDNF Val66Met genotype modulated the AKT1 effect on brain structure. Extracted parameter estimates from the MTL brain region with the peak main AKT1 effect did not show a significant interaction with BDNF Val66Met (*P*\>0.7), suggesting that this functional coupling mechanism might be less salient in determining MTL structure than in specific memory encoding function earlier. Next, we examined the hypothesis that AKT1 variation might affect MTL volume in epistasis with DA bioavailability indexed by COMT, given the dependencies linking AKT1 and DA levels in neurodevelopment^[@bib4]^ and previous findings of such an interaction at prefrontal cortex.^[@bib11]^ Similarly, we extracted gray-matter volume estimates from the loci with the peak main AKT1 effect on each side, and conditioned the orthogonal analyses on the COMT variant. We found that *AKT1*-by-*COMT* interactions occurred bilaterally (*P*\<0.05; [Figure 2b](#fig2){ref-type="fig"}). Individuals with combined *AKT1* minor alleles and *COMT*-Val homozygotes associated with putatively reduced AKT1 expression and reduced brain DA, respectively, had disproportionately reduced gray-matter volumes at these loci. Permutation tests were performed to estimate the empirical rate of falsely obtaining a similar set of main and 2-way interaction effects at these thresholds within the bilateral MTL regions-of-interest. The conservative rate at which this set of findings occurred was *P*\<0.0001.

AKT1 epistatic interactions and risk for schizophrenia
------------------------------------------------------

Genetic association with schizophrenia has been reported in multiple studies with each of these genes, but negative reports are virtually as frequent. As it is possible that the biologic epistasis between these genes that impacts on clinically relevant brain functions may also represent an epistatic mechanism of risk for clinical illness, we examined if the AKT1, BDNF and COMT genetic variations interacted to contribute to risk for schizophrenia. We first examined the case--control sample (*n*=282 patients, 329 controls) in which we previously reported marginal association with this AKT1 variant.^[@bib11]^ While there were no marginal single gene associations for COMT or BDNF, the AKT1, COMT and BDNF variants showed a 3-way interaction (*P*\<0.041) in a full logistic regression model controlled for gender. The 3-way interaction was driven by a divergence of risk for schizophrenia in the context of the AKT1-A minor allele. Individuals at the highest risk were those who were also COMT-Val homozygotes and BDNF-Met carriers ([Supplementary Results; Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

While these directionally and biologically predictable interactions are unlikely to be by chance alone, the levels of statistical significance are small and would not survive genome-wide correction for multiple testing. Thus, we examined these relationships in an independent case--control sample (936 patients and 1190 controls) from the GAIN cohort (public release <http://dbgap.ncbi.nlm.nih.gov/>) for evidence of replication. There was the same 3-way AKT1, BDNF and COMT interaction on risk for schizophrenia (one-tailed *P*=0.036) and no significant individual gene main effects in a logistic regression model controlled for gender ([Supplementary Results; Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Permutation analysis revealed that the empirical likelihood that these same three variants would show the identical allelic direction of interactions in these two independent data sets is *P*\<7 × 10^−6^.

Pharmacogenetic effects of AKT1 on cognition and brain structure in schizophrenia
---------------------------------------------------------------------------------

Next, we explored AKT1 function in terms of clinically relevant pharmacology. As AKT1 impacted executive fronto-striatal cognition, and prefrontal structure and function,^[@bib11],\ [@bib12]^ and additionally impacted key MTL processes as advanced here, we might expect that pharmacological modulation of AKT1 should affect a broad range of cognitive functions subserved by these regional effects and that these effects may show pharmacogenetic association if they relate to brain mechanisms in schizophrenia. We, therefore, examined interactions of clinically relevant pharmacological activators of AKT1---that is, lithium and sodium valproate^[@bib32],\ [@bib33]^---and AKT1 genetic variation. We examined patients diagnosed with schizophrenia (*n*=186) for whom we had complete treatment and cognitive data in terms of illness-associated reduction in IQ scores relative to premorbid IQ. This is a well-documented characteristic of patients with schizophrenia,^[@bib36]^ is a reasonable proxy of general cognitive concomitants of illness and predicts treatment outcome and disability.^[@bib37]^

Relative to schizophrenia patients on antipsychotics (*n*=138), patients on antipsychotics and mood stabilizers (lithium and/or sodium Valproate, *n*=48) had higher chlorpromazine-equivalent antipsychotic doses (740(sd462) mg vs 528(sd421) mg, *t*=2.95, *P*=0.003) and more psychotic symptoms (PANSS positive: 15.7(sd7.0) vs 11.9(sd4.8), *t*=3.72, *P*\<0.001; PANSS general: 29.1(sd10.0) vs 23.6(sd7.1), *t*=3.72, *P*\<0.001; PANSS negative, n.s.). Patients on mood stabilizers also had marginally larger illness-associated cognitive change compared with those not receiving mood stabilizers (12.1(sd11.7) vs 8.4(sd11.2), *t*=1.92, *P*=0.056). However, in patients treated with mood stabilizers, this cognitive change was not related to chlorpromazine-equivalent antipsychotic dose, duration of illness, PANSS positive or negative symptoms, or gender (all *P*\>0.5). Instead, in a pharmacogenetic interaction, patients who carried the AKT1 rs1130233 A-allele associated with reduced AKT1 expression^[@bib11],\ [@bib16],\ [@bib17]^ had relatively smaller cognitive change (*P*=0.003; *P*\<0.05 Bonferroni corrected for the number of exploratory tests; [Figure 3a](#fig3){ref-type="fig"}) compared with non-risk allele carrier patients in the context of mood stabilizer treatment known to activate AKT1.^[@bib32],\ [@bib33]^

Then, we examined a subset of these schizophrenia patients with available structural MRI data (*n*=138) because previous studies have suggested that these mood stabilizing drugs affect gray-matter volume measures in patients treated with them.^[@bib45]^ Using voxel-based morphometry, patients with the AKT1 A-allele who were also on mood stabilizers were found to have had regions in the MTL and prefrontal cortex that were disproportionately larger in gray-matter volume compared with patients not receiving mood stabilizers in a pharmacogenetic interaction (*P*\<0.0001 uncorrected; [Figure 3b](#fig3){ref-type="fig"}). Permutation tests showed that the combined rate of empirical false-positive findings in terms of a similar set of pharmacogenetic interactions in cognition and interactions within regions-of-interest encompassing the bilateral MTL and prefrontal regions was p\<0.0001.

Discussion
==========

We report human data that provide potential insights into the multiple levels through which AKT1 genetic variation may impact MTL brain processes relevant to human MTL development and cognitive function and to schizophrenia. Using functional and structural MRI phenotypes, we found that AKT1 genetic variation, through interactions with dopaminergic and neurotrophic processes referenced by COMT and BDNF, influenced brain correlates of neuroplasticity and development. The identical higher order allelic interactions also affected risk for schizophrenia in two independent clinical data sets. Further, AKT1 effects appear to have the potential for pharmacologic modification at least in schizophrenia patients.

The finding that the AKT1 rs1130233 variant influenced hippocampal memory function is consistent with AKT1 influence on short-term neuroplasticity associated with active memory encoding and implicit learning.^[@bib22]^ This is further supported by AKT1 epistatic interactions with BDNF Val66Met and COMT Val158Met in the same hippocampal loci. In hippocampal neurons, there is critical molecular cross-talk between AKT and BDNF in enabling PSD-95 dendritic trafficking, and consequent changes in N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) dynamics---these processes characterize long-term potentiation and may be key in active learning and memory processes.^[@bib21],\ [@bib22]^ If so, the effects of AKT1 variation during active hippocampal memory processing should also be dependent on the efficacy of BDNF trafficking to precise dendritic sites of action, a process influenced by the BDNF Val66Met polymorphism.^[@bib27],\ [@bib28],\ [@bib46]^ Our findings on human brain function are consistent with these possibilities. In addition, DA has an important modulatory role in memory function and hippocampal synaptic plasticity,^[@bib25],\ [@bib26],\ [@bib31],\ [@bib40],\ [@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ as well as in BDNF dendritic processing in hippocampal neurons.^[@bib39],\ [@bib47]^ This would be consistent with our 3-way interaction findings of accentuated AKT1 and BDNF coupled hippocampal memory dysfunction in the context of relatively compromised DA bioavailability indexed by the COMT-Val variant. Together, these data suggest that functional variants in these genes interact to influence hippocampal memory activity during short-term neuroplasticity. They also provide evidence linking the basic neuroscience of activity-dependent synaptic plasticity,^[@bib21],\ [@bib22],\ [@bib25],\ [@bib39]^ and specific intermediate phenotypes implicated in the genetics of memory dysfunction in schizophrenia.^[@bib14],\ [@bib48]^

For processes implicated in MTL gray-matter volume, our data suggest involvement of a partially overlapping set of genetic mechanisms. The AKT1-related MTL structural changes observed appear to be less strongly linked to activity-dependent BDNF dendritic trafficking indexed by the Val66Met variation, and this AKT1--BDNF process is potentially more specific to active memory tasks rather than to MTL structure, at least as measured with MRI. The findings of AKT1 genetic effects on MTL structure are nevertheless consistent with the literature on the broad effects of AKT1 biology on brain structure, including putative effects on neuronal development, myelination, actin polymerization and dendritic structure,^[@bib3]^ as well as AKT1 effects on neuroprotection^[@bib20]^ and its interactions with related drugs such as lithium and sodium valproate.^[@bib32],\ [@bib33]^ Analogously, the interaction with DA is consistent with evidence that dendritic atrophy occurred in DA-depleted animal models.^[@bib49]^ Changes in DA signaling through chronic opiate exposure reduced AKT signaling and decreased neuronal cell size.^[@bib4]^ These observations are consistent with our findings that AKT1 genetic variation interacted with brain DA bioavailability indexed by the COMT variant to impact MTL gray-matter volume. Analogous structural brain findings, presumably through similar AKT1-dopaminergic effects on neurodevelopment, have also been demonstrated in human prefrontal cortex.^[@bib11]^ Thus, the genetic control of AKT1-dopaminergic neurodevelopmental processes appeared to impact the prefrontal-MTL axis, and may coincide with known vulnerabilities of these brain structures in schizophrenia.^[@bib13]^

If combinations of genetic variants are ultimately implicated in disease mechanisms, we might expect some signature of these effects at the level of overall risk for the diagnosis of schizophrenia, even if these effects are small, given the complexities of the underlying processes they control. Moreover, epistatic models are increasingly recognized as critical for even simple behaviors in model systems and animals.^[@bib50],\ [@bib51]^ Consistent with these possibilities, we found, in two independent case--control data sets, a 3-way interaction involving the functional AKT1, BDNF and COMT variants that affected risk for schizophrenia. Moreover, the directionalities of combinations of risk-associated alleles were consistent across data sets, where the combination of all three putatively disadvantageous alleles was associated with the highest schizophrenia risk. With the exception of a weak prior association with AKT1 A-alleles and schizophrenia in one of these data sets,^[@bib11]^ main effects were not found for individual genes, consistent with other models for higher order epistasis in biological systems.^[@bib50],\ [@bib51]^ The clinical associations add to the possibility that these genetic variants control relevant aspects of brain function associated with schizophrenia and that they do so as part of a disease-related biologic network. It has been proposed that multiple functional genetic variants layered across integrated biologic networks evolved toward stability of these pathways.^[@bib52]^ For certain illnesses, genetic risk involving such pathways may require specific combinations of multiple variations which overwhelm compensatory processes and move the robust system away from its evolved optimum range.^[@bib53]^

In further studying AKT1 variation and brain processes potentially related to schizophrenia, we examined in a clinical sample an hypothesis driven set of pharmacogenetic interactions with activators of AKT1---that is, lithium or valproate^[@bib32],\ [@bib33]^---that are in common off-label use in patients with schizophrenia. It had previously been shown that AKT1 impacted executive fronto-striatal cognition, and prefrontal structure and function.^[@bib11]^ If indeed AKT1 variation additionally impacted key MTL neurodevelopmental and plasticity processes as advanced here, we might then expect that pharmacological modulation of AKT1 should affect a range of cognitive functions in schizophrenia and that these effects would show genetic association. This was, in fact, what we found, using a well-validated measure of illness-related cognitive change.^[@bib36]^ Individuals who had the AKT1 risk variant associated with relatively reduced AKT1 expression and deleterious prefrontal-MTL brain effects^[@bib11],\ [@bib16],\ [@bib17]^ appeared to have relatively less cognitive deterioration if they were on activators of AKT1, lithium or sodium valproate, compared with non-risk allele carriers. Correspondingly, these individuals had regions in the prefrontal cortex and MTL with relatively increased gray-matter volumes. Our results are consistent with previous studies that have suggested that these drugs lead to gray-matter volume increases in patients receiving them.^[@bib45]^ Our pharmacogenetic results offer the suggestion that some AKT1 brain effects could potentially be pharmacologically modifiable and genotypically variable.

Nevertheless, the interpretation of our pharmacogenetic data is problematic. While clinical experience suggests that schizophrenia patients who are more ill tend to be treated with adjunctive lithium or valproate,^[@bib54]^ future prospective studies will be needed to disambiguate the alternative possibilities that these treatments could have contributed to the worse symptomatic and cognitive outcome in the AKT1 G homozygotes, or that there was improvement (or less deterioration) of cognitive and brain effects in the AKT1 A-carrier patients potentially from resilience to drug-related side effects in these individuals. We also did not study blood levels of these drugs, which should be noted in future work. However, the pharmacogenetic finding remains that an over-representation of patients on additional AKT1 activating drugs, lithium or valproate, had differing cognitive and prefrontal-MTL brain outcomes determined by AKT1 genetic variation. This targeted pharmacogenetic finding extends key predictions from the imaging effects of AKT1 variation in healthy individuals reported here and previously.^[@bib11],\ [@bib12],\ [@bib18]^ The pharmacogenetic effect on cognition was independent of confounds from symptoms and antipsychotic drugs. However, our study was not powered to explore associations between AKT1 and other clinical or symptom variables for which we had no prior hypothesis or imaging data. Indeed, it bears noting that it was in the patients receiving mood stabilizers that the AKT1 effects on cognition and brain were focused. In the entire sample, there was no overall effect of AKT1 on disease-related cognitive decline. These findings are consistent with a modulatory cognitive-brain effect of AKT1 activation by mood stabilizers in some patients with the deleterious AKT1 A-allele and receiving these drugs.

In conclusion, we have reported a convergent series of human studies identifying effects of AKT1 variation in memory-dependent neuroplasticity and structural brain processes relevant to normal brain development and to schizophrenia, and epistatic interactions with neurotrophic and dopaminergic processes that modulate these AKT1 effects. Pharmacologic modulation of AKT1 was further associated with effects on disease-related cognition and corresponding prefrontal-MTL brain structure in schizophrenia patients. AKT1 and related neuroplasticity and developmental pathways may, therefore, genetically influence cognition and risk for schizophrenia through effects that may be pharmacologically modifiable.
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![AKT1 and memory-dependent hippocampal activity. (**a**) Main effect of the AKT1 rs1130233 variant on hippocampal activity during implicit encoding of complex visual scenes (coordinates −19 −41 4; *n*=96, *t*=3.66, *P*\<0.05 corrected within the medial temporal lobe (MTL) region-of-interest), where individuals carrying the A-allele had relatively increased activation compared with G homozygotes. (**b**) Extracted parameter estimates from the hippocampal brain region showing the main task effect also evidenced AKT1-by-BDNF interaction (F(1,92)=4.70, *P*=0.033). Individuals carrying the BDNF-Met allele (*n*=32) had an accentuated AKT1 A-carrier effect (*n*=15). (**c**) Further conditioning the AKT1--BDNF interaction on COMT Val/Met at this same hippocampal location resulted in an AKT1-by-BDNF-by-COMT interaction (F(1,90)=4.77, *P*=0.032). Here, the AKT1 A-allele effect was accentuated in individuals who were COMT-Val homozygotes and carrying the BDNF-Met allele (*n*=9), relative to effects in BDNF-Val homozygotes and/or COMT-Met carriers. Error bars are ±1 s.e.](mp201191f1){#fig1}

![AKT1 and medial temporal lobe (MTL) gray-matter volume. (**a**) Main effects of *AKT1* rs1130233 A-allele on reduced gray-matter volumes in left and right MTL regions (*n*=171; coordinates −9 −5 −34, *t*=3.14; coordinates 36 15 −33, *t*=3.10, displayed at *P*\<0.001 uncorrected). (**b**) Extracted parameter estimates from the left and right MTL peaks showing the main AKT1 effects also evidenced *AKT1*-by-*COMT* interactions (F(1,162)=4.66, *P*=0.032 and F(1,162)=4.69, *P*=0.032 for the left and right loci, respectively). Individuals with combined *AKT1* A carriers and *COMT*-Val homozygotes (*n*=17) had disproportionately reduced gray-matter volumes at these loci. This set of results were permutation corrected *P*\<0.001 within bilateral MTL regions-of-interest. Error bars are ±1 s.e.](mp201191f2){#fig2}

![AKT1 pharmacogenetic interaction. (**a**) In the context of mood stabilizer treatment associated with AKT1 activation, schizophrenia patients who carried the AKT1 rs1130233 A-allele (*n*=21) had relatively smaller cognitive change (total *n*=186; F(1,184)=9.06, *P*=0.003, *P*\<0.05 Bonferroni corrected for the number of exploratory tests). (**b**) Patients who were also on mood stabilizers were found to have had regions in the MTL and prefrontal cortex that were disproportionately larger in volume in relation to the AKT1 A-allele effect (*n*=20), compared with patients not receiving mood stabilizers (total *n*=138; coordinates 35 −53 9, F(1,130)=14.22, *P*\<0.0001 uncorrected; and coordinates 37 59 2, F(1,130)=13.55, *P*\<0.0001 uncorrected, respectively). The set of pharmacogenetic results on cognition and brain were permutation corrected *P*\<0.0001. Error bars were ±1 s.e.](mp201191f3){#fig3}
